Ab initio calculations are employed for determining structures, spectroscopic parameters and transitions to the excited electronic states of the astrophysical relevant C − 6 anion, which is a potential intermediate of chemical processes involving carbon chains and polycyclic aromatic hydrocarbons. Calculations confirm the prominent stability of linear carbon chain anions which guarantees their formation.
I N T RO D U C T I O N
Although the presence of anions in gas phase interstellar sources was predicted several years ago (Dalgarno & Cray 1973; Herbst 1981) , the discovery of such species occurred only in 2006 when McCarthy and co-workers detected C 6 H − (McCarthy et al. 2006 ). This motivated the search and the detection of other negative molecular systems such as C 4 H − (Cernicharo et al. 2007 ), C 8 H − (Brünken et al. 2007) , C 3 N − , C 5 N − ) and CN − (Agúndez et al. 2010 ). All of them are carbon chain anions containing either H or N.
From the 1980s, a large number of structural studies on carbon chains have been published. C n carbon chains were proposed as responsible for Diffuse Interstellar Bands (DIBs) (Douglas 1977) and started to gain relevance for astrophysics. It is commonly accepted that they play an important role in the reactivity of polycyclic aromatic hydrocarbons (PAHs) (Cernicharo et al. 2000) . Although, they have not been observed yet, frequently, the C − n anions are considered in the astrochemical models (Dalgarno & Cray 1973; Barckholtz et al. 2001; Eichelberger et al. E-mail: dhammoutene@yahoo.fr (DH); Majdi.Hochlaf@univ-mlv.fr (MH); senent@iem.cfmac.csic.es (MLS) 2007; Harada & Herbst 2008; Herbst & Osamura 2008; Bierbaum 2011; Demarais et al. 2012) . By using different theoretical and experimental techniques, various laboratories dealt with the possible formation processes of observed anions where pure negative carbon chains are involved (Bierbaum 2011) . This is still an active and prolific research field. Examples of proposed formation reaction channels are electron attachment (C n +e − , C n H+e − ), hydrogen attachment (C − n +H), hydrogen atom transfer (C − n +HX) or fragmentation of larger molecules (Shi & Ervin 2008) . In laboratories, even C 2− n dianions were successfully produced (Schauer et al. 1990; Franzreb & Williams 2005) . Although their relevance as reactants or intermediates in astrochemical reactions looks evident, C − n species abundances are supposed to be very low. Estimated astronomical abundances depend on the structural and spectroscopic properties, formation and destruction processes, transition dipole moments and collisional rates. In the literature, it is well established that anions of linear carbon chains are very stable structures (Rosmus & Werner 1984) . In two previous papers, we have demonstrated that collisional rates of anions with permanent dipole moments are distinctly larger than those of their neutral patterns, which favour their detection (Dumouchel et al. 2012; Spielfiedel et al. 2012 ). Infrared intensities depending on transition dipole moments can be expected to be stronger than those of neutral species. From a molecular properties point of view, anions are generally easier to observe than neutral species. The low abundances need to be understood in terms of reactivity. Formation and destruction processes can involve excited electronic states (since carbon chains show large density of electronic states even close to the ground state) and vibrational states (since some vibrational modes such as bending modes show very low energy levels). The understanding of reactivity requires a serious previous spectroscopic characterization.
C 6 is an interesting molecule for material science because its cyclic isomer represents the elementary cell of graphene. First theoretical studies of the neutral C 6 started in 1959 when Pitzer and Clementi (Pitzer & Clementi 1959) found the most stable 3 − g linear structure, searching the understanding of the heat of sublimation of graphite. Recently, we completed an ab initio study of C 6 isomers and electronic states using multi-referential ab initio calculations (Massó & Senent 2009 ). The work was motivated by previous tentative astrophysical detection of l-C 6 (Goicoechea et al. 2004 ). In total, we found nine isomers for C 6 (Massó & Senent 2009 ). The energy difference between the two most stable structures, l-C 6 and c-C 6 , was found to be very low and dependent on dynamical correlation. In the present paper, we use similar methodology for the characterization of C − 6 anion stable forms and transition states. We discuss their structure and electronic spectra, using restricted coupled cluster theory with a perturbative treatment of triple excitations [RCCSD(T)] and multi-reference configuration interaction/complete active space self-consistent field (MRCI/CASSCF) ab initio calculations. By combining the present data and those of the neutral C 6 (Massó & Senent 2009 ), we discuss the effect of electron attachment on C 6 following the procedure we adopted for C 4 and C − 4 (Massó et al. 2006; Senent & Hochlaf 2010) .
Previous theoretical and experimental studies on C − 6 are available. The review of Van Orden and Saykally published in 1998 represents a detailed report of previous studies performed on the smallest C n clusters and on their cations and anions (Van Orden & Saykally 1998) . Nist webbook also supplies molecular data for these species (see http://webbook.nist.gov/). Jochnowitz and Maier have reviewed electronic spectra studies (Jochnowitz & Maier 2008) . Although all C n chains present isomerism and the number of possible isomers increases fast with the number of carbons, previous theoretical works focused into the lowest energy linear and cyclic structures. For instance, Raghavachari treated the relative energy of these two structures (Raghavachari 1989 ). Botschwina and co-workers Experimentally, the vibrational structure of the l-C − 6 (X 2 u ) state was investigated by Szczepanski, Auerbach & Vala (1997a) , using infrared absorption and resonance Raman spectroscopy. These authors also provided theoretical harmonic frequencies for the stretching modes. Before this work, in 1992, Arnold et al. studied gas phase C − 6 and C 6 with threshold photodetachment spectroscopy and autodetachment spectroscopy, where various vibrational fundamentals of this anion in its electronic ground and excited states were determined. In 1996, Zhao et al. used resonant multi-photon detachment spectroscopy to gas phase l-C − 6 to obtain vibrationally resolved spectra of the C 2 g ← X 2 u transitions. Moreover, electronic spectra and infrared spectra of the C − 6 anion trapped in cooled rare gas matrices were also recorded by Freivogel et al. (1997a,b) and Szczepanski, Ekern & Vala (1997b) . Skeletal bending fundamentals are found to be below 250 cm −1 (Zhao et al. 1996; Szczepanski et al. 1997a; Arnold et al. 1992 ). In addition, several electronic states of l-C − 6 have been experimentally explored by Freivogel et al. (1997a) Bragg et al. (2004) with time-resolved photoelectron imaging. Band centre is localized at 11380 ± 400 cm −1 (1.41 eV). Several studies are available concerning the vibrational structure of the C 2 g state (Forney et al. 1995; Zhao et al. 1996; Szczepanski et al. 1997b; Tulej et al. 1998 ). The excitation energy has been estimated to be between 16 476 and 16 239 cm −1 (Forney et al. 1995; Zhao et al. 1996; Szczepanski et al. 1997b) . Finally, transitions to the resonances located above the electron detachment threshold were observed at 33 680 cm −1 (4.18 eV) by Arnold et al. (1992) using photodetachment and autodetachment spectroscopies.
C O M P U TAT I O NA L D E TA I L S
Six minimum energy structures of the C − 6 anion as well as four structures corresponding to transition states have been first determined using Density Functional Theory (DFT) and the B3LYP functional (Becke 1988; Lee, Yang & Parr 1988) . Later on, the corresponding energies have been determined with single-point calculations performed with open shell Coupled Cluster theory (RCCSD) (Knowles et al. 1993) . Triple corrections are computed as defined by Watts, Gauss & Bartlett (1993) . In all the calculations, the aug-cc-pVTZ containing diffuse atomic orbitals in order to describe well-anion electronic distribution was employed (Dunning 1989; Kendall et al. 1992) . All the post-Hartree-Fock calculations have been performed correlating all the valence electrons. For this purpose, we used the MOLPRO suite of programs (MOLPRO 2010).
We determined accurate geometrical parameters and rotational constants with RCCSD(T) and a complete basis set (CBS). Thus various aug-cc-pVXZ (X = T,Q) basis sets have been employed to obtain extrapolated parameters (Woon et al. 1994) . The extrapolation method is described in a previous work (Inostroza & Senent 2010) .
Electron affinities and vertical and adiabatic excitation energies to the excited electronic states were determined with the CASSCF method followed by the internally contracted MRCI approach . For MRCI calculations, all configurations having a weight greater than 0.02 in the CI expansion of the CASSCF wavefunctions were taken into account as a reference. In the CASSCF calculations, the lowest six σ g and five σ u are kept doubly occupied and we considered the upper two σ g , six π u , two σ u and four π g molecular orbitals (MOs) as active defining an active space of 15 electrons and 14 active orbitals similar to the one used recently for the neutral C 6 (Massó & Senent 2009 ). Excited electronic state minimum energy structures have been determined using a minimization technique implemented in the code FIT-ESPEC Senent et al. 2007; Senent & Domínguez-Gómez 2010) . Inputs are the MRCI and MRCI+Q energies of a grid of selected geometries covering the corresponding electronic state minimum. It is well known that cluster corrections can give unreasonable results for anions, in particular in regions with large density of states. For this reason, only minimum energy geometries corresponding to the four first states are determined from MRCI+Q energies.
The CASSCF wavefunctions have also been used to evaluate the spin-orbit coupling matrix elements in Cartesian coordinates. The CASSCF wavefunctions are used as the multi-electron basis for the two-step spin-orbit coupling calculation (Llusar et al. 1996; Zeng et al. 2011) at the level of Breit-Pauli Hamiltonian (Schweizer et al. 2000; Lefebvre-Brion & Field 2004) . The active space for these calculations is the following: the lowest six σ g , one π u , five σ u and one π g . MOs are kept doubly occupied and we considered the upper two σ g , five π u , two σ u and three π g orbitals as active.
R E S U LT S A N D D I S C U S S I O N
3.1 The C − 6 isomers structure The search for minima and transition states of the 12-dimensional potential energy surface of C − 6 was performed with B3LYP/aug-ccpVTZ. RCCSD(T) single-point calculations have been performed on the optimized structures to obtain accurate relative energies. Starting point for the anion structure search was the neutral C 6 structures previously calculated (Massó & Senent 2009 ). Table 1 shows energies, geometrical parameters, dipole moments, rotational constants, electron affinities and harmonic frequencies for all stationary points of the lowest doublet and quartet 12-dimensional potential energy surfaces. Whereas nine minimum energy structures were found for neutral C 6 , the anion shows only seven isomers. For C 6 isomers, several triplet and singlet ground electronic states were located. For C − 6 , six isomers are doublets (l-C − 6 , c-C − 6 , D1, D2, D3 and D4) and only a unique quartet (Q1) is predicted. For all species, all frequencies are real proving their minimum character. They present relatively large electron affinities (EA > 2 eV) with respect to their corresponding neutral structures. Using RCCSD(T), MRCI and MRCI+Q methods, Table 1 shows, for instance, that the EA is computed to be about 4 eV in the case of the linear form. Accordingly, all six structures we are predicting are stable with respect to the autodetachment processes. Interestingly, D1 and D2 present large dipole moments, which make their detection most likely to occur by radio spectroscopy in laboratory and by radioastronomy in the interstellar medium (ISM).
As expected, the stability of the linear anion l-C − 6 (X 2 u ) is prominent. Both the levels of calculations, DFT and highly correlated RCCSD(T), show that this linear form is the most stable structure. In the neutral form (Massó & Senent 2009 , and references therein), both theories diverge. At the coupled-cluster singles and doubles [CCSD(T)] level, the cyclic c-C 6 is predicted to be the most stable form whereas the linear one represented the absolute B3LYP minimum. Here, the RCCSD(T) calculations place the remaining C − 6 isomers at more than 9000 cm −1 above the linear ground global minimum. c-C − 6 (X 2 A 1 '), which has the relative energy with respect to the linear form of 9291 cm −1 , has a distorted D 3h structure alike the neutral c-C 6 . It lies close in energy to the first excited electronic state of l-C − 6 , (A 2 + g ) observed at 9352 cm −1 (Freivogel et al. 1997a ). Since Coupled Cluster theory leads to a D 3h distorted structure, the deformation should not be due to the lack of dynamical correlation. In contrast, this symmetry breaking could be a consequence of the lack of static electronic correlation. Although large-scale multi-referential calculations with very large active spaces are capable of solving this question, they are out of the capacities of the available resources. ) and c-C 6 (X 1 A 1 ), respectively (Massó 2009 ). c-C − 6 is followed by D1, D2, D3, D4 and Q1 at 10779, 16171, 18897, 30143 and 42071 cm −1 above the l-C − 6 minimum. D1, D2, D3, D4 isomers may be formed by adding an electron to S2, S5, T2, S6 neutral C 6 forms (Massó & Senent 2009 ). In contrast, no neutral stable form exists for the quartet Q1.
Our calculations reveal the existence of four transition states, three doublets, ETD1, ETD2 and ETD3, and a quartet, ETQ1. They are listed in Table 1 . The corresponding harmonic frequencies, calculated with B3LYP, show one imaginary term. ETD1, ETD2 and ETD3 are obtained by attaching an electron to the S4, S3 and T3 stable neutral isomers (Massó & Senent 2009 ). In contrast, no parent neutral species can be given here for ETQ1.
Electronic spectrum of l-C − 6
Calculations of carbon chain electronic structure are not straightforward. They mostly present a large density of electronic states even nearby the ground-state region. Thus, non-adiabatic, rovibronic, Renner-Teller and spin-orbit effects can supply complex band shapes. Furthermore, ab initio calculations are very sensitive to effects arising from the proximity of states, which can develop instabilities of the wavefunctions, and make the determination of their spectroscopic parameters hard. In Table 2 , vertical and adiabatic excitation energies to the lowest excited electronic states of l-C − 6 are listed. We focus our study on those metastable states whose adiabatic excitation energies are smaller than EA. EA has been calculated to be 4.18 eV RCCSD(T), 3.78 eV (MRCI) and 3.95 eV (MRCI+Q).
Our calculations are compared with previous theoretical data ( Botschwina et al. 1995; Cao & Peyerimhoff 2001) . RCCSD(T) calculations are performed to obtain energies and geometries of four electronic states, the ground state and the three lowest ones A (Zhao et al. 1996) , 2.49 eV (2) 2 g (Freivogel et al. 1997a ) and 2.79 eV (3) 2 g (Freivogel et al. 1997a ). For 1 2 g state, there is no available experimental data and our calculations confirm the energy of 3.16 eV previously calculated by Cao & Peyerimhoff (2001) . Table 2 gives dominant electronic configuration of the investigated electronic state quoted at equilibrium. l-C Freivogel et al. (1977) a A = RCCSD(T) (adiabatic); B = MRD-CI (vertical); C = electronic absorption spectra in Ne matrix; D = anion time-resolved photoelectron imaging (gas phase); E = resonant multi-photon detachment spectroscopy (gas phase); F = gas-phase electronic spectra; G = Raman spectra in Ar matrix. . For the electronic ground state, our value agrees nicely with the value of −29 cm −1 determined experimentally (Arnold et al. 1992) since it is off by ∼15 per cent from this experimental estimation. This confirms the observation of the two spin-orbit components in the experiments of Arnold et al. (1992) . Our data represent predictions for the upper electronic states of l-C − 6 . According to our experience in computing A SO,e , these quantities are expected to be smaller than the corresponding experimental values by about 10 per cent. So, one should add 10 per cent to the present theoretical values to have a good estimate of such data. This anion possesses five stretching and four double degenerate bending modes. In addition, the anion ground electronic state is doubly degenerate, and the potential energy surface splits into two Renner-Teller components by bending the molecule. Here, we give the bending frequencies of the lowest component. Since this electronic state is a doublet, spin-orbit coupling should be taken into consideration together with the RennerTeller effect for the computation of the vibronic spectrum of l-C − 6 (X 2 u ). Indeed, the bending fundamentals cannot be calculated with standard algorithms for harmonic frequencies and a full variational treatment is needed. This is out of the scope of this paper.
off-diagonal
We show in Table 3 geometrical parameters and rotational constants of this isomer calculated at different levels of theory (in this work). We also compared with previous theoretical data. To the best of our knowledge, the corresponding experimental data are not available and our data represent predictions for this species. Especially, these data should be helpful for the assignment of the rotationally resolved IR and Raman spectra of this molecular negative ion whenever measured.
Although l-C − 6 is a zero permanent dipole moment molecule, the equilibrium rotational constant represents one of the most relevant spectroscopic parameter. A procedure first employed for SiC 3 H − (Inostroza & Senent 2010 ), C 5 and C 4 Si (Senent & Domínguez-Gómez 2010) is applied to obtain an extrapolated parameter [RCCSD(T)/CBS]. For this purpose, B e is determined with two augmented basis sets, aug-cc-pVTZ and aug-cc-pVQZ, at the RCCSD(T) level. We determine this constant to be 1440.0 MHz, although the fact that only the valence electron is correlated in the post-Hartree-Fock procedures needs to be considered to interpret this value and to compare it with experimental data. With MRCI and MRCI+Q, it has been determined to be 1460.9 and 1439.5 MHz. Previously RCCSD(T) value calculated with a very long cGTOs basis set (1442 MHz) Table 3 . Energies (E, in au), internuclear distances (in Å) and equilibrium rotational constant (B e in MHz) of l-C 
C O N C L U S I O N S
In the current contribution, we present an ab initio characterization of the most stable isomers of C − 6 anion. Our calculations show that the linear isomer is by far the most stable form, for which we give the pattern of its electronic excited states located below the detachment threshold and a set of spectroscopic parameters (rotational and vibrational and spin-orbit). These data should be helpful for the detection of these astrophysically important molecular species in laboratory and in the ISM. More interestingly, we believe that the stable forms and transition states we found should play crucial roles in the formation of carbon chains in the ISM, where the present anions are most likely intermediate species before forming the corresponding neutral molecules or larger and smaller carbon chain containing molecular systems.
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